This paper presents a practical method to evaluate the development of failure envelopes of coastal and 51 offshore shallow foundations after the action of multi-directional cyclic loading considering soil 52 degradation. This is realised by implementing a soil strain softening and rate model into a finite 53 element package and using a combined approach of load controlled geometrically nonlinear finite 54 element analysis and displacement controlled small strain finite element analysis. The gradual 55 evolution of soil strain softening and rate effects are monitored and utilised to update the shear 56 strength during the analysis under multi-directional cyclic loading. The failure envelope is then 57 investigated based on the updated shear strength field of the soil. After introducing the approach and 58 demonstrating with an example, a systematic study is presented to explore the effects of soil strain 59 softening and rate parameters, soil stiffness index and period of cyclic loading on load carrying 60 capacity of coastal and offshore shallow foundations. The results show that soil degradation should be 61 taken into account in design of coastal and offshore shallow foundations because it is detrimental to 62 the capacity of shallow foundations. Results of the parametric analyses have shown that soil 63 sensitivity, relative ductility and the stiffness index have more influence on capacity of shallow 64 foundations subjected to undrained cyclic preloading than strain rate parameter and the period of 65 cyclic loading. 66
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Introduction 110
Coastal and offshore shallow foundations are subjected to a combination of vertical load (V), 111 horizontal load (H) and moment (M). The common convention of loads (V, H and M) and the 112 corresponding displacements (w, u and θ) are as illustrated in Fig. 1 . The failure envelope approach is 113 now well established to address shallow foundation capacity under combined loading. This method 114 for geotechnical applications can be tracked down to Roscoe and Schofield [1] and has been 115 increasingly used to evaluate the multi-directional capacity of offshore foundations. The majority of 116 existing studies consider undrained soil response and rely on an initial, constant value of undrained 117 shear strength over the period of loading [2] [3] [4] [5] [6] . Some studies have considered the effect of monotonic 118 vertical preloading on the undrained shear strength distribution in the supporting soil and the resulting 119 gains in consolidated, undrained combined load capacity [7, 8] . These latter studies are relevant for 120 field conditions in which excess pore pressures generated during vertical preloading are able to 121 dissipate prior to the combined loading event. For example, for subsea foundations that form part of a 122 pipeline network, as a significant time lag is encountered between lay (or installation) and operation 123 of the attached pipelines that impose the combined loads. 124
This study considers coastal and offshore shallow foundation capacity when excess pore pressures, 125 due to multi-directional loading, do not have the opportunity to dissipate prior to a peak combined 126 loading event. These conditions are particularly relevant to coastal breakwaters and offshore fixed 127 bottom platforms, which are subjected not only to a static load of dead weight but also to combined 128 cyclic loading due to environmental forces (such as waves, winds, currents and ice in arctic regions). 129
The undrained shear strength of clays degrades under cyclic loading [9] [10] [11] [12] The premise of this model is that the undrained shear strength (su) is evaluated based on the current 157 accumulated absolute plastic shear strain (ξ) and current maximum shear strain rate ( max 
where βs, βr are the strain softening and strain rate factors, respectively. su0 is the intact undrained 162 shear strength. δrem indicates the ratio between the fully remoulded and the initial undrained shear 163 strength su0, and is equal to the reciprocal of the soil sensitivity (St). ξ95 indicates the relative ductility 164 of the saturated clay, and is equal to the value of ξ for the soil undrained shear strength to achieve 95% 165
remoulding. e is the natural exponent. μ indicates the rate of undrained shear strength increase per 166 decade. ref γ is the reference shear strain rate, and maximum shear strain rate max γ is defined as St and ξ95 in the range 2 ~ 6 and 10 ~ 50 respectively are recommended for marine clays [14, 23] . The 171 strain rate parameter μ is advised to range from 0.05 to 0.2 [14, 24, 25] . 172
Implementation of strain softening and rate model into finite element program 173
The soil response in this study was modelled as undrained considering that excess pore pressures in 174 clay deposits do not have the opportunity to dissipate under cyclic loading in a storm. The Tresca 175 failure criterion was adopted, which is a widespread assumption to evaluate undrained capacity for 176 
Validation of constitutive model 216
In this section, the user subroutine for the constitutive model is validated and the validity of the 217 adopted constitutive model to capture the degradation characteristics of soft clay under cyclic loading 218 is demonstrated and discussed. 219
Strain controlled 2-way symmetric cyclic loading was modelled with a period of 6s for a single 220 element to illustrate the evolution of soil shear strength and stiffness with increasing number of cycles 221 by using the strain softening and rate dependent model adopted in this study. The initial shearing 222 modulus of elasticity of the soil element under cyclic horizontal shear strain was taken as 5×10 5 kPa 223 and the intact undrained shear strength (su0) was taken as 10 kPa, typical values for marine clays. The 224 failure envelopes are presented as dimensionless quantities, such that the particular magnitude of soil 225 strength selected for the analyses is not relevant, and the effect of the ratio of stiffness to strength is 226 considered in the parametric study presented later. The main soil strain softening and rate parameters 227 in the model include soil sensitivity (St), soil relative ductility (ξ95) and strain rate parameter (μ) which 228
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can deduced from soil shear strengths and accumulated absolute plastic shear strains at different 229 cycles of strain-controlled undrained cyclic tests or cyclic penetration and extraction tests using 230 full-flow penetrometers such as T-bar and ball according to Eq. (1) 
Failure envelope of shallow foundation on intact soil 272
The failure envelope of a shallow foundation on intact soil is first evaluated. A two-dimensional finite 273 element model in plane strain conditions is shown in Fig. 4 . The foundation width is denoted as B and 274 the soil domain is 12×6B. Infinite elements were initially considered at the periphery of the mesh as 275 these are recommended for cyclic or dynamic loading events, but resulting failure envelopes with and 276 without considering soil strain softening and rate effects were the same with and without infinite 277
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Finer mesh discretisation (minimum element size B/40) is used in the region close to the foundation to 280 improve numerical accuracy. The pure capacities on intact soil and the effect of minimum element 281 size on the post-cyclic capacity, that are shown later, indicated that the meshes adopted in this study 282
were optimally refined and provided a balance between accuracy and calculation efficiency. A mesh 283 sensitivity study is presented later (in Section 5.3). The second-order fully integrated rectangular 284 hybrid element CPE8H was adopted. The strip foundation was modelled as a rigid body with the 285 reference point prescribed at the centre of the foundation base. The interface between the soil and the 286 foundation was modelled as fully bonded, to represent undrained uplift resistance of the foundation, 287 in practice achieved by passive suction (relative to ambient pressure) developed between the seabed 288 and underside of the foundation [3] , considered appropriate for the short-term cyclic loading 289 considered in this study. 290
The soil was modelled as a Tresca material with a uniform intact undrained shear strength defined by 291 su0. It is acknowledged that deep offshore sediments often exhibit linearly increasing undrained shear 292 strength with depth. The assumption of uniform soil strength with depth for this study is an 293 appropriate approximation for many nearshore seabeds and to demonstrate the proposed numerical 294 method accounting for cyclic loading effects. Young's modulus E = 1000su and Poisson's ratio was 295 assumed 0.49. 296
The probe test approach, introduced by Bransby and Randolph [2] , was adopted to numerically 297 evaluate the failure envelope. In the probe test, the foundation is displaced at fixed ratios of 298 displacements u/w, θB/w, and θB/u. Consequently, the resultant load develops until an ultimate load is 299 reached. Fig. 5 illustrates the normalised resistance for the probe test with a displacement ratio of u/w 300 = 3. By plotting the loading path in VHM space, the final point i.e. ultimate load, is considered to be 301 sitting on the failure envelope. The failure envelopes are obtained by fitting a smooth curve through 302 The combined approach of load controlled geometrically nonlinear finite element analysis and 348 displacement controlled small strain finite element analysis described in section 3 and 4 was used. 349
Initially multi-directional VHM cyclic loading was applied in a geometrically nonlinear finite element 350 analysis during which process the gradual evolution of the shear strength due to soil strain softening 351 and rate effects under multi-directional cyclic loading is captured. In order to obtain the gradual 352
June 2016 16 evolution of the shear strength due to soil strain softening and rate effects under multi-directional 353 cyclic loading, load controlled geometrically nonlinear finite element analyses are adopted. In order 354 to evaluate the capacity of a shallow foundation after the action of multi-directional cyclic loading 355 considering soil degradation, monotonic displacement controlled probe tests were carried out to 356 evaluate the failure envelope based on the updated shear strength field of the soil, which is passed 357 from the result of the load controlled geometrically nonlinear finite element analysis. 358
Monotonic displacement controlled probe tests were carried out to evaluate the failure envelope at N 359 = 0, 200, 600 and 1000 cycles of loading (N = 0 corresponds to an intact soil response). The Young's 360 modulus (E) is directly related to su through a constant E/su ratio (1000 unless otherwise specified) 361 and Poisson's ratio is assumed 0.49. The undrained shear strength su is related to the field variable, 362 which is specified as an initial condition prior to the probe test analyses. 363
Degradation of undrained shear strength su across the soil domain 364
The soil strain softening factor (βs) under multi-directional cyclic loading is plotted as contour lines in 365 foundation at a depth of 0.025B and 0.2B respectively, while point C is located under the middle and 375 E under the left corner of the foundation at a depth of 0.025B. From Fig. 10 , we can see that soil strain 376 softening factor (βs) calculated by the finite element method has the same value as that calculated by 377
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Eq. (2), providing an additional check for the user subroutine developed for the finite element 378 program. Integration point A, which is located at the compressive corner at shallow depth, has 379 minimum values of soil strain softening factor (βs), i.e. greatest degradation in soil strength, and the 380 maximum values of accumulated absolute plastic shear strain (ξ). The soil at point A has been almost 381 completely remoulded after 1000 cycles. Integration point C, which is located under the middle of the 382 strip foundation, has the maximum value of soil strain softening factor (βs) , i.e. minimum 383 degradation in soil strength, and the minimum value of accumulated absolute plastic shear strain (ξ). 384
The soil at point C has been partially remoulded, 7.05% after 1000 cycles. Corresponding values at 385
integration point E and D fall in between those of integration point A and C. The asymmetric soil 386 strength degradation arises as the vertical cyclic load fluctuates around the submerged self-weight of 387 the foundation and superstructure (W'), such that the base stresses during the first half of every cycle 388 are higher than those during the latter half according to Fig. 8 . As a result, the shallow foundation 389 rotates towards integration point A due to the moment loading during the first half of every cycle 390 while to integration point E during the latter half. Accumulated absolute plastic shear strain (ξ) at 391 integration point A is higher than that at point E, because the shallow foundation rotates to integration 392 point A with a higher soil stress due to the vertical loading while to integration point E with a lower 393 soil stress. So point A has a smaller value of soil strain softening factor (βs) than point B. 394
Effect of cyclic preloading on failure envelopes 395
Failure envelopes in VH, VM and HM planes at N = 0, 200, 600, 1000 are illustrated in Fig. 11 , where 396 N = 0 indicates the intact soil case. This figure shows that capacity reduces, indicated by the failure 397 envelopes contracting inward, with increasing number of loading cycles as the extent and magnitude 398 of soil strength degradation increases. Pure vertical, horizontal and moment capacity are defined as 399
Vult, Hult and Mult, respectively. In this example, the vertical capacity factor Nv = Vult/Bsu0, horizontal 400 capacity factor NH = Hult/Bsu0 and the moment capacity factor NM = Mult/B 2 su0 decreased by 5.49%, 401
6.96% and 6.46%, respectively after 1000 cycles of loading compared with pure vertical, horizontal 402 to obtain the undrained failure envelope which can be used to evaluate the capacity of a shallow 406 foundation after the action of multi-directional cyclic loading considering soil degradation. The rate 407 enhancement effect is neglected to obtain the undrained failure envelope since shear strain rate is not 408 considered in the displacement controlled probe tests without cyclic loading. 409
The shape of the failure envelope following a sequence of multi-directional cyclic loading is quite 410 consistent despite the asymmetric degradation zone. Thus, it is reasonable to scale the failure 411 envelope by only using the pure capacities Vult, Hult, Mult, while assuming the shape of the envelope is 412 constant. Vertical, horizontal and moment capacity reduction factors, αV, αH and αM, defined as
413
Vult/Vult,intact, Hult/Hult,intact and Mult/Mult,intact respectively can be defined to scale the envelopes. This is 414 shown in Fig. 12, 14, 16 , 18, 20 and 21 later for the specific loading protocol considered in this study. 415
The lower the values of pure capacity reduction factors αV, αH and αM, the greater the soil 
Effect of cyclic preloading on failure mechanisms 424
The plastic shear bands (which are a reasonable measure to represent the failure mechanism) 425 corresponding to the pure vertical probe test at N = 0, 200, 600, 1000 of VHM cyclic loading are 426 shown in Fig. 13 . The failure mechanism under pure vertical load, following cyclic VHM preloading,gradually changed from a symmetrical "two-sided" Prandtl failure mechanism to an asymmetric 428 "one-sided" mechanism due to non-uniform evolution of undrained shear strength across the soil 429 domain with weaker soil around one corner (as also shown in Fig. 9 ).The development of asymmetric 430 strength degradation is discussed in section 5.2, and is caused by the coupled effect of cyclic VHM 431 loading. A failure zone will preferentially generate in soil with lowest undrained shear strength, 432 following the path of least resistance. Increasingly weaker undrained shear strength of the soil near 433 one corner of the foundation is responsible for the transition of the failure mechanism from a 434 symmetrical two-sided configuration to an asymmetric one-sided configuration. 435
It is found that the failure mechanisms under pure horizontal sliding and pure rotation post cyclic 436 loading are both largely unchanged in this example. The failure mechanism under pure horizontal 437 loading is still a translational sliding mechanism beneath the foundation while a scoop mechanism 438 governs under pure moment. Thus plots of plastic shear bands at failure under a pure horizontal 439 sliding and pure rotation probe following cyclic loading are omitted for brevity. 440
Parametric study of model parameters 441
A parametric study was carried out to assess the effects of the value of strain softening and rate 442 parameters including soil sensitivity, St, relative ductility, ξ95 and strain rate parameter, μ, the stiffness 443 index, E/su and the period of cyclic loading, T. All parameters were kept the same as the "base case" 444 calculation example presented above, with only one parameter varying in any individual parametric 445 analysis. 446
Effect of soil sensitivity, St 447
Three values of soil sensitivity, St = 2, 4 (base case), 6 were considered. Clays with a higher value of 448 soil sensitivity, St are prone to experience a greater loss of strength as a result of remoulding. Effects 449 of the magnitude of soil sensitivity, St, on capacity reduction of αV, αH and αM are shown in Fig. 14. It   450 is evident that the degree of degradation of pure capacity increases with increasing number of loading 451 cycles (N) due to the steady accumulation of absolute plastic shear strain. Further, greater sensitivity 452
A Practical Method to Evaluate Failure Envelopes of Shallow Foundations Xiao/Tian/Gourvenec Considering Soil Strain Softening and Rate Effects
20
St results in greater reduction in capacity of a coastal and offshore shallow foundation following a 453 sequence of undrained cyclic loading considering soil degradation. Effects of the magnitude of soil 454 sensitivity, St on degradation factor βs of shear strength su when N = 1000 are shown in Fig. 15 . The 455 extent of the zone of soil degradation increased with increase of soil sensitivity, St, which causes 456 greater reduction in capacity of a shallow foundation on a deposit with greater sensitivity St. 457
Effect of soil relative ductility, ξ95 458
Three values of soil relative ductility, ξ95 = 10, 30 (base case), 50 were considered. A more ductile 459 clay has a higher value of soil relative ductility, ξ95 while a more brittle clay has a lower value. Effects 460 of the magnitude of soil relative ductility, ξ95 on capacity reduction factors αV, αH and αM are shown 461 in Fig. 16 . Effects of the magnitude of soil ductility parameter, ξ95 on degradation factor βs of shear 462 strength su when N=1000 are shown in Fig. 17 . Values of αV, αH and αM reduce with increasing 463 number of load cycles (N). Greater soil ductility parameter, ξ95 obviously reduces the extent of the 464 zone of soil degradation, so greater soil relative ductility ξ95 effectively reduces the softening. 465
Physically, brittle clay tends to have greater reduction in capacity than ductile clay following the 466 sequence of cyclic loading. 467
Effect of soil strain rate parameter, μ 468
Three values of soil strain rate parameter, μ = 0.05, 0.10 (base case), 0.2 were considered. Clays with 469 a higher value of soil strain rate parameter, μ have a stronger rate effect, associated with higher 470 enhancement in undrained shear strength with rate. Effects of the magnitude of soil strain rate 471 parameter, μ on capacity reduction factors αV, αH and αM are shown in Fig. 18 . Effects of the 472 magnitude of soil rate parameter, μ on degradation factor βs of shear strength su when N=1000 are 473 shown in Fig. 19 . Values of αV, αH and αM reduce with increasing number of load cycle N. Larger soil 474 rate parameter, μ reduces the extent of the zone of soil degradation and tends to enhance soil strength 475 and thus less plastic strain is accumulated with increasing number of load cycles (N). Consequently, 476
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Effect of constant stiffness index, E/su 478
The bearing capacity of a surface foundation on a Tresca material is generally accepted to be 479 independent of the magnitude of stiffness index, E/su due to the elastic perfectly plastic constitutive 480 law. However, stiffness index (E/su) affects plastic strain accumulation during the cyclic loading in 481 this study. Clays with a lower value of soil stiffness index, E/su have a higher compressibility. 482
Parametric analyses with stiffness indicies E/su = 500, 1000 (base case) and 1500 were considered. 483
The result is shown in Fig. 20 . It can be seen that vertical, horizontal and moment capacity reduction 484 factors, i.e. αV, αH and αM, decreased with increasing number of loading cycles (N). Larger E/su 485 (stiffer soil) leads to less shear strain and thus less degradation, such that a greater reduction in 486 capacity of coastal and offshore shallow foundation on clays with high compressibility would be 487 expected following a sequence of cyclic loading considering soil degradation. 488
Effect of period of cyclic loading, T 489
Three periods of cyclic loading, T = 3.6, 6 (base case), 12 s were considered. A lower period of cyclic 490 loading, T generates a larger shear strain rate and has a stronger rate effect, leading to a higher 491 enhancement in undrained shear strength with rate. Effects of the magnitude of period of cyclic 492 loading, T on capacity reduction factors αV, αH and αM are shown in Fig. 21 . Values of αV, αH and αM 493 reduce with increasing number of load cycle N. Smaller T tends to enhance soil strength and thus less 494 plastic shear strain is accumulated with increasing number of load cycles N. Consequently, less 495 capacity reduction can be seen for smaller T although the effect is minimal. 496
In summary, results of the parametric analyses have shown that soil sensitivity, St, relative ductility, 497 ξ95 and the stiffness index, E/su have more influence on capacity of shallow foundations subjected to 498 undrained cyclic preloading than strain rate parameter, μ and the period of cyclic loading, T. 499 500
Concluding Remarks 501
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A practical method has been presented to evaluate failure envelopes of coastal and offshore shallow 502 foundations considering soil strain softening and rate effects under cyclic loading. This method is 503 realised through a user subroutine in the finite element software ABAQUS, using a combined 504 approach of load controlled geometrically nonlinear finite element analysis and displacement 505 controlled small strain finite element analysis. The method can be applied to a range of different 506 coastal and offshore shallow foundation conditions, and to large deformation problems using the 507 RITSS FEM approach. 
